A simple method of graphite-furnace atomic-absorption spectrometry (GFAAS) after solid-phase extraction (SPE) was developed for the determination of diphenylarsinic acid (DPAA), phenylarsonic acid (PAA), and inorganic arsenic (iAs) in drinking water. This method involves the simultaneous collection of DPAA, PAA, and iAs using three stacked SPE disks, i.e., an Empore SDB-XD disk (the upper layer), an activated carbon disk (the middle layer), and a Cation-SR disk loaded with Zr and Ca (ZrCa-CED; the lower layer). A 200-mL aqueous sample was adjusted to pH 3 with nitric acid and passed through the SPE disks at a flow rate of 15 mL min -1 , to concentrate DPAA on the SDB-XD disk, PAA on the activated carbon disk, and iAs on the ZrCa-CED. The As compounds were eluted from the disks with 10 mL of ethanol containing 0.5 mol L -1 ammonia solution for DPAA, 20 mL of 1 mol L -1 ammonia solution for PAA, and 20 mL of 6 mol L -1 hydrochloric acid for iAs. The eluates of DPAA, PAA, and iAs were diluted to 20, 25, and 25 mL, respectively, with deionized water, and then analyzed by GFAAS. The detection limits of As (three-times the standard deviation (n = 3) of the blank values) were 0.13 and 0.16 μg L -1 at enrichment factors of 10 and 8, respectively, using a 200-mL water sample. Spike tests with 2 μg (10 μg L -1 ) of DPAA, PAA, and iAs in 200 mL of tap water and bottled drinking water showed good recoveries (96.1 -103.8%).
Introduction
Arsenic pollution in ground water is mainly caused by the release of inorganic arsenic (iAs) in minerals from mines or volcanos. However, well water polluted with organic As compounds was found at Ibaraki, Japan, in 2003. 1 The pollutants were predominantly phenylarsenic compounds: diphenylarsinic acid (DPAA), and phenylarsonic acid (PAA), which were considered to be the raw materials or degradation products of sternutatory gases used as chemical warfare agents (CWAs). Large amounts of CWAs were produced and distributed around the world during the first and second world wars. In Japan, many CWAs were abandoned underground, in lakes and in the sea after the wars had ended. The CWAs that are discovered are detoxified by the government. 2 The deterioration of an arseniccontaining CWA may cause As pollution in soil and/or environmental water. In addition, the toxicities of phenylarsenic compounds and iAs are different. 3, 4 The environmental quality standard for As in Japan has been set at 10 μg L -1 . Therefore, it is important to differentiate between phenylarsenic compounds and iAs in water.
The concentration of As in environmental water has been widely investigated, and is generally in the μg L -1 levels range. However, the methods for determining the total amount of As present cannot be used to determine whether phenylarsenic compounds are present in water. Therefore, it is necessary to separate different As compounds before determining the amount of As.
For example, phenylarsenic compounds can be derivatized and determined by gas chromatography-mass spectrometry (GC-MS), 5, 6 but this method is tedious and cannot be used to simultaneously detect iAs. High-performance liquid chromatography (HPLC) separation coupled with inductively coupled plasma mass spectrometry (ICP-MS) has been used for separate determinations of phenylarsenic compounds and iAs in water; [7] [8] [9] however, this technique is relatively expensive, and well-trained personnel are required. A sensitive analytical method using liquid chromatography mass spectrometry (LC-MS) 10 or high-performance liquid chromatography/tandem mass spectrometry (LC-MS-MS) 11 has been developed for the simultaneous determination of phenylarsenic compounds. These methods are useful for the routine analysis of phenylarsenic compounds, but cannot be applied to the ordinary determination of As in water because iAs cannot be determined. An analytical method using solid-phase extraction (SPE), followed by graphite furnace atomic absorption spectrometry (GFAAS), allows the speciation of elements to be determined. It is easy to conduct, has low capital (equipment) cost, and low running costs, although this method cannot be used to simultaneously determine many analytes unlike HPLC-ICP-MS. Several methods combining SPE with GFAAS have been reported for the determination of iAs [12] [13] [14] and DPAA 15 in water. However, the separation analysis of DPAA, PAA, and iAs using SPE and GFAAS has not yet been reported.
SPE has been widely used in pharmaceutical, industrial, and environmental fields to separate and/or preconcentrate inorganic and organic analytes. In particular, membrane disk SPEs have been used to pretreat large-volume water samples because they allow relatively high flow rates, due to their large cross-sectional areas. 16 SPE disks keep their shape during the pretreatment process to assay, so they are useful for wet analyses 17 as well as direct analyses (e.g., X-ray fluorescence (XRF) spectrometry, [18] [19] [20] γ-ray spectrometry, 21, 22 and laser-induced breakdown spectroscopy 23 ). An analytical method using an iminodiacetate extraction disk, followed by direct introduction into GFAAS instrument, has also been reported for determining heavy metals at sub-μg L -1 levels in water. 24 Therefore, SPE disks are adaptable, and can be used for quantitative analyses using various instruments. In addition, multiple SPE disk layers allow for the simultaneous collection of different analytes (e.g., Cr(III) and Cr(VI)) 17, 18 from a water sample. In this paper, we describe a method for determining DPAA, PAA, and iAs (arsenite, As(III), and arsenate, As(V)) in drinking water using SPE, followed by GFAAS. This method involves the preconcentration of DPAA, PAA, and iAs on a polystyrenedivinylbenzene disk, an active carbon disk, and a cationexchange extraction disk loaded with Zr and Ca (ZrCa-CED), respectively. The discussion covers: (1) calibration curves; (2) the effect of Zr and Ca on the cation-exchange extraction disk; (3) the optimum sample pH, flow rate, eluent concentration and volume; and (4) the effect of coexisting ions. The proposed method was successfully used to determine μg L -1 levels of DPAA, PAA, and iAs in tap water and bottled mineral water.
Experimental

Apparatus
A ZEEnit 600s atomic absorption spectrometer (Analytik Jena AG, Germany) fitted with an As hollow-cathode lamp (Hitachi, Japan), a transverse heated graphite atomizer, and an SSA 61Z automatic sampling system (Analytik Jena AG) was used. The Zeeman effect was used for background correction under twofield mode (0.8 T magnetic field strength) conditions. Atomization was conducted in solid sampling (SS) graphite tubes (Analytik Jena AG, Part No. 407-152.361) with SS graphite platforms (Analytik Jena AG, Part No. 407-152.023). Ten microliters of the sample solution was injected into the SS graphite platform, and 5 μL of a matrix modifier was added to control the analyte atomization process.
The operating conditions are given in Table 1 .
A Rix3100 wavelength-dispersive XRF spectrometer (Rigaku, Japan) was used, with an end-window 4-kW Rh X-ray tube operated at 50 kV and 80 mA under vacuum. The irradiation diameter of the primary X-ray beam was 30 mm. A 0.1 mm thick laminate film (Meiko Shokai, Japan) was used to coat the SPE disk before XRF analysis, to prevent it from being damaged by X-rays. 18, 19 A Demi-Ace Model DX-15 demineralizer (Kurita Water Industries, Japan) was used to prepare deionized water. An F-52 pH meter (Horiba, Japan) was used to monitor the pH of the sample solution.
Reagents and samples
A Empore TM SDB-XD, activated carbon, and Cation-SR disks (47-mm diameter and 0.5-mm thick; 3M, USA) were used throughout the study.
A tap-water sample and bottled mineral water sample were obtained from Kawasaki, Kanagawa, Japan. Water samples were filtered through a GMF-150 glass-fiber filter (1.0 μm pore size, 47-mm diameter, 0.73-mm thick; Whatman, UK) and analyzed immediately using the proposed method.
Conditioning the solid-phase extraction disks
SDB-XD and activated carbon disks were conditioned successively with 10 mL of methanol and 10 mL of deionized water. Cation-SR disks were conditioned successively with 10 mL of methanol, 10 mL of deionized water, 20 mL of 3 mol L -1 nitric acid, and 20 mL of deionized water. A ZrCa-CED was then prepared according to the later procedure.
Preconcentration and determination procedures
A 200-mL water sample was adjusted to pH 3 with nitric acid, and then passed through the three conditioned SPE disks layered together (i.e., an SDB-XD disk as the upper layer, an activated carbon disk as the middle layer, and a ZrCa-CED as the lower layer) at a flow rate of 15 mL min -1 . DPAA was collected by the SDB-XD disk, PAA by the activated carbon disk, and iAs by the ZrCa-CED. The disks were washed with 10 mL of deionized water, and then separated for subsequent elution of the As compounds. The collected As compounds were eluted with: 10 mL of ethanol containing 0.5 mol L -1 ammonia solution to elute DPAA; 20 mL of 1 mol L -1 ammonia solution to elute PAA; and 20 mL of 6 mol L -1 hydrochloric acid to elute iAs. The eluate of DPAA was diluted to 20 mL with deionized water and the eluates of PAA and iAs were diluted to 25 mL with deionized water. The analytes were determined in these sample solutions by GFAAS. The concentrations of DPAA, PAA, and iAs were calculated using a calibration curve previously constructed with a suite of As(V) standard solutions.
Results and Discussion
Calibration curves
Calibration curves for DPAA, PAA, and iAs were first constructed with the standard solution of each compound to determine whether the GFAAS instrument gave different sensitivities for these analytes. The calibration curves of DPAA, PAA, As(III), and As(V) showed good linearity in the range of 0. The detection limits, defined as three-times the standard deviation (n = 3) of the blank values, were 9 pg for PAA and As(III), and 13 pg for DPAA and As(V). The calibration curve slopes for all of the analytes agreed well, and there were no differences in the sensitivities of GFAAS instrument for the between phenylarsenic compounds and the iAs, which was probably because the nitric acid in the matrix modifier solution promoted the decomposition of organic arsenics during the pyrolysis step. Arsenic was determined by comparing the calibration curves in a certified reference material (JSAC 0302-3) with the accuracy of the calibration curves obtained. 
Preparation of the Zr and Ca modified cation-exchange extraction disks and the effects of the Zr and Ca
An Empore Anion-SR (anion-exchange extraction) disk will only partially adsorb iAs (ca. 80%) from tap water, 16 although As(III) and As(V) are anions in neutral-alkaline solution. However, a cation-exchange silica gel 25 and a cation-exchange chelating resin, 26 each loaded with Zr, have been shown to be capable of collecting iAs quantitatively. Because these solid-phases use the complex-forming reaction between iAs and Zr to collect the As species. However, if a membrane disk SPE is used, some of the iAs may pass through the disk because of the short contact time between the iAs and the adsorbent. Therefore, the ability of a Zr-loaded cation-exchange extraction disk (Zr-CED) to quantitatively adsorb As(III) and As(V) was investigated. A Zr-CED was prepared by successively passing 20 mL of 0.05 mol L -1 Zr solution and 20 mL of deionized water through a Cation-SR disk. A 60 mL water sample containing 10 μg of As(III) or As(V) was adjusted to pH 3, and then passed through the Zr-CED at a flow rate of 5 mL min -1 . The adsorption rate of iAs on the SPE disk was calculated from the difference between the As concentrations in the initial solution and the filtrate. The Zr-CED adsorbed As(III) quantitatively (100%), but only adsorbed 10 -30% of the As(V). Most of the As(V) passed through the disk; nevertheless, Zr loaded silica gel 25 and resin 26 adsorb As(V) at pH 2 -8, as reported in the previous papers. The Zr-CED was then modified with Ca, which inhibits the elution of As from coal fly ash 27 and ordinary Portland cement. 28 The adsorption rate of As(V) with the Zr and Ca modified SPE disk was improved to 100%, which means that the ZrCa-CED completely adsorbed both As(III) and As(V). A ZrCa-CED was analyzed by XRF to confirm that Zr and Ca were loaded onto the Cation-SR disk. As shown in Fig. 1 , Zr Kα and Ca Kα were found in the ZrCa-CED. Therefore, in subsequent extractions, iAs was extracted with a ZrCa-CED that was prepared by passing 20 mL of a 0.05 mol L Ca solution, and 20 mL of deionized water through a Cation-SR disk.
Effect of pH
The sample pH is an important factor in adsorption studies, so the pH dependence for the adsorption rates of DPAA, PAA, and iAs collected on an SDB-XD disk, an activated carbon disk, and a ZrCa-CED were investigated. The pH of the sample solution was controlled using a nitric acid and sodium hydroxide solution. The pH dependences of the adsorption rates for 10 μg of DPAA, PAA, As(III), and As(V) are shown in Fig. 2 . DPAA was adsorbed quantitatively, but the other As species were not adsorbed by the SDB-XD disk at pH 2 -5, so SDB-XD disks can be used to separate DPAA from other As species at pH 2 -5. PAA was adsorbed quantitatively by the activated carbon disk at pH 2 -7, and As(V) was adsorbed quantitatively by the activated carbon disk at pH 4 -7, but not adsorbed at pH 2 -3. As(III) was not adsorbed by the activated carbon disk at pH 2 -7. Therefore, activated carbon disks can be used to separate PAA from iAs at pH 2 -3. The ZrCa-CED adsorbed As(III) and As(V) quantitatively at pH 3 -7 and 2 -7, respectively. Therefore, a sample solution pH of 3 was chosen to separate DPAA, PAA, and iAs in water.
A π-π interaction mechanism is considered to be responsible for the adsorption of phenylarsenic compounds by hydrophobic SPE disks. However, PAA was not adsorbed by the SDB-XD disk in this study, suggesting that there were no interactions between the phenyl group of PAA and the benzene rings of SDB-XD. PAA may be relatively hydrophilic because it has two hydroxyl groups, but nonetheless PAA was adsorbed by the activated carbon disk, which is a hydrophobic SPE disk. This is probably because of polar interactions (e.g., between arsenate group of PAA and acid functionalities of activated carbon disk), such as hydrogen bonds and dipolar coupling besides π-π interactions.
Effect of the sample flow rate
As the flow rate of the sample solution increases, the likelihood of DPAA, PAA, and iAs passing through the solid phase before they become adsorbed increases. Therefore, the influence of the flow rate on the adsorption rates of the analytes was investigated (Fig. 3) . DPAA, PAA, and As(III) were quantitatively adsorbed at flow rates of 5 -20 mL min -1 , but the adsorption rate of As(V) was insufficient when the flow rate was above 15 mL min -1 . Therefore, a sample flow rate of 15 mL min -1 or lower is required to collect the analytes using the three chosen SPE disks.
Effects of the chemical species in the eluent and its concentration
The chemical species in the eluent and its concentration are important parameters in the desorption step. Organic compounds collected on a polar phase are usually eluted with an alcohol (being an organic solvent) with or without an ammonia solution. Therefore, a mixture of ethanol and ammonia solution was used to elute DPAA. However, an ammonia solution diluted with deionized water was used to elute PAA, because PAA is more hydrophilic than DPAA. Hydrochloric acid 25, 29, 30 and a sodium hydroxide solution 25, 26 have until now been used to elute iAs from Zr adsorbents. However, if a sodium hydroxide solution was used, it would be released during the GFAAS drying step, and interfere with the atomization of the iAs. Therefore, hydrochloric acid was selected to elute iAs. Figure 4 shows the recoveries of DPAA, PAA, and iAs at different eluent concentrations. The best recoveries of DPAA and PAA were obtained at ammonia concentrations higher than 0.5 mol L -1 and 1 mol L -1 , respectively; 6 mol L -1 hydrochloric acid eluted both As(III) and As(V) perfectly. From these results, we chose ethanol containing a 0.5 mol L -1 ammonia solution, a 1 mol L -1 ammonia solution, and 6 mol L -1 hydrochloric acid as Fig. 2 Adsorption rates of DPAA ( ), PAA ( ), and iAs (As(III), ; As(V), ) at different pH values using (a) an SDB-XD disk, (b) an activated-carbon disk, and (c) a Zr and Ca loaded Cation-SR disk (ZrCa-CED). Amount of As, 10 μg; sample volume, 60 mL; flow rate, 15 mL min -1 . Fig. 3 Adsorption rates of DPAA ( ), PAA ( ), and iAs (As(III), ; As(V), ) at different flow rates using an SDB-XD disk, an activated carbon disk, and a Zr and Ca loaded Cation-SR disk (ZrCa-CED), respectively. Amount of As, 10 μg; sample volume, 60 mL; sample pH, 3. Fig. 4 Recoveries of DPAA ( ), PAA ( ), and iAs (As(III), ; As(V), ) at different NH3 or HCl concentrations in the eluent using an SDB-XD disk, an activated carbon disk, and a Zr and Ca loaded Cation-SR disk (ZrCa-CED), respectively. Amount of As, 10 μg; sample volume, 60 mL; sample pH, 3; flow rate, 15 mL min -1 ; eluent for DPAA, 50 mL of ethanol containing NH3 (aq); eluent for PAA, 50 mL of NH3 (aq); eluent for iAs, 50 mL of HCl.
the eluents for DPAA, PAA, and iAs, respectively.
We investigated the effects of using different eluent volumes (Fig. 5 ) on the recoveries of the As compounds in order to estimate the possible enrichment factors. We found that 10 μg amounts of DPAA and PAA were completely eluted using 10 mL of ethanol containing a 0.5 mol L -1 ammonia solution and 20 mL of a 1 mol L -1 ammonia solution, respectively. Furthermore, 20 mL of 6 mol L -1 hydrochloric acid perfectly eluted both As(III) and As(V). Therefore, an enrichment factor of 8 -10 was achieved when extracting a 200-mL water sample, which gave As detection limits of 0.13 -0.16 μg L -1 in the original sample. These detection limits are lower than the environmental quality standard for As in Japan (10 μg L -1 ).
Effects of coexisting ions
Coexisting ions in a water sample may decrease the recoveries of DPAA, PAA, and iAs. The major ions present in the Tamagawa River were selected as coexisting ions 31 for our tests. , and 20 mg L -1 SO4 2-, the recoveries of DPAA, PAA, and As(V) were 101, 103, and 101%, respectively. Therefore, typical concentrations of major ions in freshwater did not interfere with the recoveries of the analytes. Next, the effect of Fe (0.3 mg L -1 , the environmental quality standard for Fe in Japan) on the recoveries of As compounds was investigated because it has been reported that Fe affects the adsorption of iAs on Zr loaded resin. 26 DPAA and PAA were recovered quantitatively (99.5 and 93.8%, respectively), but the recovery of As(V) was only 60.8%.
Application to water samples
The proposed method was used to determine μg L -1 levels of DPAA, PAA, and iAs in tap water and bottled mineral water. The accuracies of the DPAA, PAA, and iAs concentrations determined were evaluated from spiked water sample tests. The spiked test results are given in Table 2 . Good agreement was found between the added and established As species values. The good recoveries found (96.1 -103.8%) indicate that the proposed method will be useful for determining μg L -1 levels of phenylarsenic compounds and iAs in water.
Conclusions
A simple method combining SPE with GFAAS is proposed for the determination of DPAA, PAA, and iAs in drinking water. Three kinds of SPE disks, an Empore SDB-XD disk as the upper layer, an activated carbon disk as the middle layer, and a Cation-SR disk loaded with Zr and Ca as the lower layer, were stacked together, and used to separate and concentrate DPAA, PAA, and iAs. DPAA, PAA, and iAs could be collected simultaneously and separately (on each disk) with one pass of the water sample, and the analytes could be determined using a single calibration curve by using a matrix modifier containing Pd and nitric acid for the GFAAS analysis. Spiked tests, with 10 μg L -1 of DPAA, PAA, and iAs in tap water and bottled mineral water, showed that quantitative recoveries were achieved (96.1 -103.8%). Recoveries of DPAA ( ), PAA ( ), and iAs (As(III), ; As(V), ) at different eluent volumes using an SDB-XD disk, an activated carbon disk, and a Zr and Ca loaded Cation-SR disk (ZrCa-CED), respectively. Amount of As, 10 μg; sample volume, 60 mL; sample pH, 3; flow rate, 15 mL min -1 ; eluent for DPAA, ethanol containing 0.5 mol L -1 NH3 (aq); eluent for PAA, 1 mol L -1 NH3 (aq); eluent for iAs, 6 mol L -1 HCl.
